The nonlinear refractive index of benzene is determined by measuring the reduction of the beam divergence of picosecond ruby laser pulses when passing through a benzene sample. Time-integrated spatial beam profiles give an effective refractive index while time-resolved beam profiles measured with a streak camera allow the determination of the temporal evolution of the nonlinear refractive index.
At high laser powers the refractive index of materials becomes intensity dependent. The spatial laser beam profile causes a spatial refractive index profile and leads to self-focusing [1] [2] [3] [4] [5] [6] . The overall beam profile is responsible for whole-beam self-focusing while an intensity modulation of the spatial intensity distribution leads to a beam break-up (small-scale selffocusing) [5] [6] [7] [8] . The combined effects of self-focusing and beam diffraction result in filament formation [1] [2] [3] [4] [5] [9] [10] [11] [12] . The self-focusing increases the pulse intensity enormously and enhances all nonlinear optical effects [13] [14] [15] [16] [17] [18] [19] . The abrupt rise of nonlinear optical effects is an indication of self-focusing and may be used to determine the self-focusing length. The determination of the nonlinear refractive index from the abrupt rise of nonlinear optical effects is complicated by the fact that either whole-scale self-focusing or small-scale selffocusing may act and the small-scale self-focusing parameters (ripple widths and modulation depths) are difficult to determine.
The vagueness of whole-scale or small-scale selffocusing dynamics may be avoided by changing from internal self-focusing (focal point caused by nonlinear refractive index is inside sample) to external selffocusing (focal point is outside sample) [1 ] . In this case the nonlinear refractive index of the sample causes a reduction of the overall beam divergence and the effects of small ripples across the beam profile may be neglected.
In our experiments we determine the reduction of beam divergence by comparing the beam diameters (FWHM) of two pulses at a certain distance behind the sample position, where one pulse passes through the sample and the other pulse is bypassed. Our timeresolved measurements of the beam diameters with a streak camera and a two dimensional readout system allow the study of the instantaneous and transient contributions to the nonlinear refractive index [12, 18, 20] . The effective time-averaged and the time-resolved nonlinear refractive index of benzene are measured with picosecond light pulses of a ruby laser. The reported time-averaged nonlinear refractive index coefficients n 2 of benzene vary by a factor of ten in the region between n 2 = 1. [6] ).
Theory
The refractive index n comprises a linear part n L and a nonlinear part An, i.e. n -n L + An. The nonlinear part is composed of an electronic contribution, An e , which initantaneously follows the pulse intensity, and molecular contributions, An m , with transient response. The electronic part is given by ^»«=y./L=i»2.lfioLl 2 ="-r-/ «- ( 1 ) where I L = n L e 0 c 0 \E OL \ 2 /2 is the light intensity, E 0 is the amplitude of the electrical field strength, s 0 is the permittivity of vacuum, and c 0 is the speed of light in empty space. y e is the electronic intensity coefficient and n 2e is the electronic field coefficient of the nonlinear refractive index. The molecular part consists of molecular orientation (optical Kerr effect), of molecular redistribution (librations), pressure (electrostriction), and thermal contributions [12, 28] . It is given by
where T, is the response time of component i. The most important molecular contribution in liquids excited with picosecond light pulses is due to the optical Kerr effect [12, 21, 28] . Taking only this term into account, (2) reduces to
T 0 is the reorientational relaxation time. In our discussions
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is used. n2,st = n 2e + n io * s the total steady state intensity coefficient of the nonlinear refractive index.
In time-integrated measurements an effective field coefficient n 2 will be determined by fitting the function
to the experimental data. For Gaussian pulses, The input divergence is (8) (9) r { is given by ft
where r { is the ray coordinate at the sample and R { is the wavefront curvature radius of the input pulse at the sample. 
and where Z s is the sample length. R s^rv t) is the change of the wavefront curvature radius due to self-focusing. The shortest wavefront radius occurs at r=0. jR sf0 is Insertion of (14) and (15) into (13) 
As is shown in Fig. la , there exists no common external self-focusing point because of the spatial Gaussian dependence of 0 sf (spherical aberration [1] ). The external self-focusing length, / sf , of a ray at position 
The intensity distribution function, s nsf (r 0 , t), is equal to the energy distribution function, s w nsf (r c ). In the analysis s sf (r 0 , r) and 5 wsf (r 0 ) as well as the spatial half-widths 
Experimental Arrangement
The experimental setup is shown in Fig. 2 . Trains of pico-second light pulses are generated in a passively mode-locked ruby laser (pulse duration zlf L~3 5ps, laser wavelength i L = 694.3 nm) [30] . Single pulses are selected with a Pockels cell shutter and the separated pulses are increased in energy in a ruby amplifier. The laser pulses are split into two parts. One part serves as reference and is passed directly to the streak camera SC. The second part passes through the sample cell S before it is directed to the streak camera. The peak intensity of this pulse is determined by energy transmission measurement (photodetectors PD1 and PD 2) through the saturable absorber DDI [31] (small signal transmission T o =0.03). The optical paths of the two beams are adjusted so that they simultaneously reach the input slit of the streak camera (Hamamatsu type CI587 with fast streak plug-in type M1952, highest The experimental parameters of the external selffocusing measurements are collected in Table 2 .
Experimental Results
The experimental time-integrated beam narrowing is displayed in Fig. 3 . The ratios of the beam radii ^rw,sf/^rnsf a r e plotted versus the normalized input pump pulse peak intensity I 0L /af. The curves in Fig. 3 are calculated for various effective nonlinear field coefficients n 2 . The best-fitting value is n 2 = 3.0 xlO~2 1 m 2 V~2 (Table 2 ). This value is in the range of previously reported n 2 -values [21] [22] [23] [24] [25] [26] [27] and it agrees very well with n 2 = 3.2 x 10" 21 m 2 V~2 of [25] , which was determined by Raman-induced Kerr-effect measurements.
The electronic field coefficient n 2 e has been reported in the range between 8. Table 2 susceptibility xäU.e * s gi ven by [39] :
The last equality is valid if the third harmonic nonlinear susceptibility
is not enhanced resonantly. [For esu units the relation is n 2e = (127r/n L )xä ) xx , e -] The effective field coefficient n 2 is approximately a factor of ten larger than the electronic field coefficient n 2e of [35, 37] indicating that n 2 is mainly determined by the orientational field coefficient n 2o .
In Fig. 4 the time-resolved beam narrowing is shown for a single shot with a pump pulse peak intensity of / 0L ^ 1.1 x 10 9 W/cm 2 and a pulse duration of At L~3 5 ps. Ar sf (t)/Ar nsf is plotted versus time. The dashed curve shows the temporal pulse shape of the non-self-focused pulse. The minimum width of the selffocused beam occurs slightly behind the pulse maximum. The temporal shift t s[ of the minimum width behind the pulse maximum is determined by the response time T 0 of the molecular nonlinear refractive index contribution. For small shifts t sf is slightly less than T 0 (for large shifts t sf becomes considerably less than T 0 , see Fig. 6 ). The solid curve in Fig. 4 is calculated with the n 2e , n 2o , and T 0 values listed in Table 2 . n 2o is a factor of ten larger than n 2e . n 2 , st = n 2e + n 2o is approximately equal to n 2 . This fact indicates that external self-focusing in benzene occurs under nearly steady-state conditions for ruby laser pulses of approximately 30 ps to 40 ps duration. The orientational relaxation time of benzene of r 0^3 .1ps [40] [41] [42] [43] [44] [45] [46] [47] (Table 1) is approximately a factor of ten shorter than the pulse duration.
Computer Simulations
The dependence of the external self-focusing on various pump pulse parameters and material parameters is analysed numerically in the following.
In Fig. 5 
for various transient situations. The time ratio To/t0 is varied. The curves belong to R^co and n 2o /n 2 st = 1. The beam radius a { has no influence. The self-focusing action is strongest for the steady-state situation (rjt 0 0).
The time-resolved beam narrowing, Ar sf (t)/Ar asf , is illustrated in Fig. 6 . The input pulse has a Gaussian shape. It is indicated by the dotted curve. The time ratio xjt 0 is varied. The solid curves belong to K st = 0.5, R t = oo, and n 2 Jn 2sx = 1 with different xjt 0 values. The dashed curve belongs to xjt 0 = 0. The dash-dotted curve is calculated for fcst = 0.5, Äj = oo, n 2o /n 2>st = 0.8, and To/f0 = l. The beam-width minimum shifts to longer delays with increasing response time and increasing n 2o /n 2st values. The beam narrowing effect reduces with increasing response time.
Conclusions
The analysis of the time-integrated and time-resolved beam narrowing caused by external self-focusing offers a method to determine the nonlinear refractive indices of materials. The whole-beam narrowing provides an effective nonlinear refractive index coefficient n 2 , while time-resolved beam narrowing measurements allow the separation of fast electronic and slow molecular nonlinear refractive index contributions. Response times in the temporal region of 0^t o^2 t 0 may be determined by the time-resolved beam narrowing analysis (Fig. 6) .
